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Abstract

For several decades the physical mechanism underlying discrete dark noise of photore-
ceptors in the eye has remained highly controversial and poorly understood. It is known
that the Arrhenius equation, which is based on the Boltzmann distribution for thermal acti-
vation, can model only a part (e.g. half of the activation energy) of the retinal dark noise
experimentally observed for vertebrate rod and cone pigments. Using the Hinshelwood dis-
tribution instead of the Boltzmann distribution in the Arrhenius equation has been proposed
as a solution to the problem. Here, we show that the using the Hinshelwood distribution
does not solve the problem completely. As the discrete components of noise are indistin-
guishable in shape and duration from those produced by real photon induced photo-
isomerization, the retinal discrete dark noise is most likely due to ‘internal photons’ inside
cells and not due to thermal activation of visual pigments. Indeed, all living cells exhibit
spontaneous ultraweak photon emission (UPE), mainly in the optical wavelength range,
i.e., 350-700 nm. We show here that the retinal discrete dark noise has a similar rate as
UPE and therefore dark noise is most likely due to spontaneous cellular UPE and not due
to thermal activation.

Introduction

Photoreceptor cells have two components of the dark noise: a continuously low amplitude
component (= 0.2 pA) and a spontaneous discrete component (= 1 pA) [1]. For half a century,
the mechanism underlying discrete dark noise of photoreceptors in the eye has remained
highly controversial and poorly understood [2]. The main question is: Why is there spiking
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activity of photoreceptors when there is no photon absorbed by it [3]? This spiking reduces the
sensitivity of vision and is referred as a false signal [3].

The discrete components of noise are indistinguishable in shape and duration from those
produced by real photon induced photoisomerization [2]. Baylor et al. [4] calculated the activa-
tion energy of the thermal process in toad rhodopsin to be about 22 kcal/mol. However, this
numerical value is in conflict with the significantly less required energy for activation by a sin-
gle photon, i.e. 40-50 kcal/mol [5]. To resolve this discrepancy, various mechanisms were pro-
posed such as the existence of a subpopulation of molecules with an unprotonated Schiff base
in vertebrate rods [6], structural fluctuations in the protein structure [7], and the incorporation
of a quantum chemical model [8]. However, to date, most of the models of the discrete compo-
nents of rod noise are essentially based on thermal processes [2, 8, 9]. The application of the
conventional Arrhenius equation

k= Af, = Ac T, (1)

where k is the rate constant, A the pre-exponential factor and fg represents the Boltzmann dis-

tribution (f, = eifafB, where E, j is the Boltzmann activation energy, R is the gas constant and T
is the absolute temperature) to model the temperature dependence of dark noise results in the
fact that the predicted thermal activation energy amounts to only a part of the photo-isomeri-
zation activation energy measured experimentally [4, 5, 9]. This leads to the conclusion that
the molecular pathway due to spontaneous thermal activation is different from that due to
photo-activation [1].

Recently, the validity of using the Boltzmann distribution in this context has been debated
[2, 8]. Consequently, it has been proposed [2] that due to thermal activation of the low energy

. . . . “Eon B!
vibrational modes, the Hinshelwood distribution, i.e. f,;, = 77 21: (mil)] ( o ) ,where E, i

is the Hinshelwood activation energy, m is the number of molecular vibrational modes, con-
tributing thermal energy to pigment activation, should be used instead of the Boltzmann distri-
bution and thus the Arrhenius equation should be written in the following form:

= = a3 L () @)

The main aim of the present paper is to show that the thermal activation based on the Hin-
shelwood distribution proposed primarily by Ala-Laurila et al. [9], and extensively discussed
by Luo et al. [2] and supported by Gozem et al. [8], is unlikely to be the main source of the pho-
toreceptor’s dark noise. Specifically, we analyze in detail the calculations presented in the work
by Luo et al. [2] (i.e. the most important paper in the literature on this topic) and identify sev-
eral shortcomings which question the validity of explaining the dark noise of rods and cones by
only assuming a thermal activation energy process.

Finally, we demonstrate that the retinal discrete dark noise can be due to spontaneous cellu-
lar ultraweak photon emission (UPE) in photoreceptor cells that have the same rates as dark
noise rates. Our proposed solution to this problem of discrete dark noise in photoreceptors is

based on simple testable assumptions and is mathematically self consistent.

A critical evaluation of using the Hinshelwood distribution to model
the dark noise in photoreceptors

It has to be noted that the application of the Hinshelwood distribution to model one molecule,

—Eqq m 1 Eo i
— knT a,
fH =€ le(m—l)! (kBT

m—1
) where kj is the Boltzmann constant, is only valid in the classical
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limit where the thermal energy scale is much larger than the energy level spacing (¢) of the qua-
dratic modes of the molecule (i.e. kg T > ¢). Hence, assuming room temperature at which the
thermal energy is about 25 meV, there must exist many modes with much less energies than
this value. However, the opposite is true since the resonance Raman excitation of rhodopsin
reveals that the Raman lines corresponds to several tens of modes with energies varying from
98-1655 cm ™ (corresponding to ~ 10-200 meV, respectively) which are in order or larger
than the scale of the thermal energy [10-12]. Moreover, Luo et al obtained 45 modes that have
equal energy values, kg T (“each vibrational mode of the molecule contributing a nominal
energy of kg T”) [2] in which the 45 modes all are activated and each energy mode has exactly
the same energy as the thermal energy. As a conclusion, the equipartition theorem [13] cannot
be applied for these modes; hence the application of the Hinshelwood distribution to model
the dark noise of photoreceptors is questionable.

A reassessment of the number of modes and the pre-exponential
factor in the Arrhenius equation

Even if we agree that the Hinshelwood distribution is applicable for photoreceptors then the
methodology and the obtained results by Luo et al can be questioned. The rate of change of
the term In k with temperature, 0 In k/OT according to the ‘conventional Arrhenius’ model (i.e.
Eq1)is [9]

Olnk E,g
T _ RT* (3)

On the other side, the following expression for k derives from the last term of Eq 2 in the
limit E > RT [9],

e B\

which is a good approximation for the full series in Eq 2, and thus the corresponding rate of
change according to the ‘Hinshelwood” model (based on Eq 4) is [9]
dlnk _E,,; — (m—1)RT )
or RT? ’

and consequently Eq 6 is obtained for the difference between the Hinshelwood and Boltzmann
activation energies [2, 9, 14]

Ea‘H - Eu.B = (m - 1)RT7 (6)

where the activation energies are equal only for m = 1. The Eq 6 has four parameters in general
(Ea.p> Eqp» m, T) where m is the number of molecular vibrational modes and it is obtained
based on the other three parameters. In fact, Luo et al. [2] determined m based on the Eq 6,
only for Bufo red rhodopsin and applied it (i.e., m = 45) to all types of photoreceptors. The m
value for Bufo red rhodopsin with 4,,,,, = 500 nm is obtained based on the above equation
where E, ;; is the thermal isomerization activation energy of 48.03 kcal/mol, E, p is the apparent
thermal activation energy of 21.9 kcal/mol at absolute temperature T = 296 K [2], and R is the
universal gas constant. If we consider mouse rhodopsin with the same 4,,,,, value as the Bufo
rhodopsin, i.e. A, = 500 nm, and use the apparent thermal activation energy of 14.54 kcal/
mol [2] we find m = 58, which is different than the generally valid relation m = 45. In addition,
a value of m different from 45 and 58 is obtained for A; human red cones (see Table 1).
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Table 1. The pigments given in the Luo et al’s work [2] have been revised based on the apparent thermal energy, E, 5, and the m value. It is seen
that the A4 Bufo rhodopsin and the A; mouse rhodopsin have similar Ay, values (Amax = 500 nm) while their E, g were different. This causes a significant dif-
ference in the m values. Another m value is obtained for the A; human red cone, which is again different than the ‘exclusive’ value m = 45. These results indi-
cate that the m = 45 value is not a unique value for the all pigments.

Pigment

A4 Bufo rhodopsin
A4 Mouse rhodopsin
A, Xenopus rhodopsin
A Human red cone
A Human red cone
A, Bufo blue cone

doi:10.1371/journal.pone.0148336.1001

Amax (nm)

500
500
521
557
617
432

E n(kcal mol™) Measured rate constant (s™") E, s(kcal mol ~') m
48.03 4.18 x 1072 21.9 45
48.03 6.64 x 107" 14.54 58
46.10 3.70 x 107" Not specified =
43.12 414 %1078 14.64 50
38.93 6.70 x 10~/ Not specified =
55.59 9.39 x 107 Not specified =

In the above cases, the apparent thermal energy values were taken from the paper of Luo
et al. [2], so their statement regarding the general validity of the parameter value m = 45 is not
supported by experimental findings. The authors determined that the number of modes (i.e.
m = 45) is generally valid for the all values of 4,,,, where the activation energy of the photore-
ceptor molecule has been experimentally shown by Luo et al. [2] to be ET = %}’: where ET is the

activation energy of the pigment, h is the Planck’s constant, c is the speed of light, and 4,,,,, is
the maximum required wavelength of photon to activate the visual pigment. Thus, the Arrhe-
nius equation by assuming E, ,; = E! can be written as follows:

0.8he e 1 0.8hc o
k = A " ZmaxRT . 7
Y o (i) 7

1

To show the discrepancy more clearly, the rate constant diagrams based on Eq 7 for m = 45
and for our obtained m values, m = 49 for rod cells and m = 42 for cone cells, based on the fit-
ting method [15] are compared with the experimental data for different rod and cone cells in
Fig 1. The results indicate that m = 45 is not an exclusive value and has a significant deviation
relative to the experimental data. Moreover, our obtained pre-exponential factors (A) deviate
from the A value used by Luo et al which was obtained by the authors by simple averaging and
not by fitting, which is imprecise as well.

As a matter of fact, the key argument regarding the trade-off between the number of vibra-
tional modes and the energy barrier has been introduced in the original paper by Ala-Laurila
etal. [9] (and not Luo et al. [2]) promoting the use of the Hinshelwood model to understand
the correlation between the spectral sensitivity and dark event rates of visual pigments. The
criticism presented in this section was also mentioned in the above original paper [9] when
developing the model where it clearly makes the following point: “In the model parameters,
energy offsets are traded against changes in the apparent number of thermal modes (1/2)
involved in the activation process. Due to this trade-off, the model is not very helpful for deter-
mining the precise relation between E, ;; and E,, nor the value of n from the experimental
data”.

Determination of the optimal number of modes

The optimal number of molecular vibrational modes () contributing thermal energy to the
pigments activation was found by (i) computing Eq 2 for m = 35, 36, . . ., 65 (data set I, see
Table 2) and m =42, 43, .. ., 49 (data set II, see Table 3), respectively; (ii) fitting the functions
with the free parameter A to the data sets; and (iii) determining the goodness of fit by calculat-
ing the root-mean-squared error (RMSE).
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Fig 1. Fitted functions (rate constant vs A,,,,) according to Eq (7) with optimal m-values (red), and m = 45 (blue) as predicted by Luo et al [2]. Shown
are the results with a linear (a, ¢) and logarithmic scaling (b, d). It is seen that m = 45 is not an optimal value relative to m = 49 for rods and m = 42 for
cones.

doi:10.1371/journal.pone.0148336.9001

The function with the lowest RMSE value was then chosen as the function describing the
relationship between A,,,,, and the rate constant in the best way. A robust nonlinear least
squares fitting with the least absolute residuals (LAR) method [16] and the Levenberg-Mar-
quardt algorithm (LMA) [15, 17] was used. The advantage of LAR over ordinary least squares
(OLS) is that the method is more robust against deviations from the normality assumption of
the data. LMA combines the advantages of gradient-descent and Gauss-Newton methods in
order to determine a global minimum of a function. The best fit is obtained for m = 49 (data
set I, RMSE = 1.055 x 10", A = 3.04 x 1077) and m = 42 (data set II, RMSE = 5.13 x 10,
A=275%107%), respectively (see Fig 2). The results obtained by Luo et al. [2], the functions
form=45and A=7.19x 107° (rhodopsins) and A = 1.88 x 10~* (cone pigments), were plot-
ted, too. Fig 3 shows the fitted functions for the optimal m-values for data sets I and II. In addi-
tion to the optimal functions, the function for m = 45 was plotted as well as the 95 percent
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Table 2. Data set | consisting of rods and rhodopsins. Data are taken from Luo et al. [2], which are measured/obtained at 23°C, and from Ala-Laurila et al.
[9] at 21°C. It can be simply shown that the difference between measurements at these two temperatures is trivial and does not affect the values.

Species, type Amax (nm) Measured rate constant (s™)
Bufo, rhodopsin 500 418 x 10712
Mouse, rhodopsin 500 6.64x 107"
Xenopus, rhodopsin 521 3.70 x 107"
Salamander, rhodopsin 502 2.13x 10712
Salamander, rhodopsin 528 7.66 x 107"
Macaque (Macacafascicularis), rods 491 7.45 x 10712
Dogfish (Scyliorhinuscanicula), rods 496 1.36 x 107"
Human, rods 496.3 7.30 x 1072
Bullfrog (Ranacatesbeiana), rhodopsin 501.7 2.21 x 1072
Common toad (Bufobufo), red rods 502.6 5.86 x 1072
Cane toad (Bufomarinus), red rods 503.9 117 x 107"
Larval tiger salamander (Ambystomatigrinum)(A2), rods 521 4.69 x 1072
Clawed frog (Xenopuslaevis), rods 521.6 2.00x 107"
Bullfrog (Ranacatesbeiana) porphyropsin rods 525.2 1.76 x 10"
Hybrid sturgeon (Husohuso X Acipensernudiventris) rods 538 7.00 x 107"
Sturgeon (Acipenserbaeri) rods 549 1.07 x 1071°

doi:10.1371/journal.pone.0148336.t002

confidence bound of the fitting procedure. The functions were plotted in Fig 1 with a linear
scale (a, b) as well as with a logarithmic one (c, d).

If we apply the average of m values, 42 and 49, as m = 45 with a single A value for a com-
bined datasets I and II for both rod and cone cells then the amount of deviation from experi-
mental data will be very large. To check this high deviation please see the predictions of their
theory in the following section. As a result, rod and cone cells should be investigated separately
with different m values.

Questionable predictions by thermal activation approach

It is claimed that the ratio of rate constants equals to the ratio of their distribution functions

[2],ie.
k, zlEaT
k_2 - EZET . (8)

Table 3. Data set Il consisting of cone pigments. Data are taken from Luo et al. [2] and Ala-Laurila et al. [9].

Species, type Amax(nm) Measured rate constant (s™)
Human, red cone 617 6.70 x 1077
Turtle (Trachemysscriptaelegans), L-cone 617 5.28 x 107°
Human, red cone 557 414 %1078
Bufo, blue cone 432 9.39 x 107"
Salamander, cone 557 414 %1078
Human, L-cone 558.4 1.34 x 1077
Macaque (Macacafascicularis), L-cone 561 594 x 107
Larval tiger salamander (Ambystomatigrinum), L-cone 620 9.58 x 107®

doi:10.1371/journal.pone.0148336.1003
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Fig 2. A robust nonlinear least squares fitting withthe least absolute residuals (LAR) method and the Levenberg-Marquardt algorithm (LMA) are
used to obtain the RMSE values for the curve fitting with the Eq (2) for T = 296 K, performed on the rods in the data set | (a), and cones in the data
set Il (b). The global minima are highlighted as green vertical lines where m = 49 is obtained for rods and m = 42 is obtained for cones.

doi:10.1371/journal.pone.0148336.g002

Since the pre-exponential factor A varies with m and it varies for different pigments too, it is
unfortunately erroneous to compare the distribution ratios (as predicted rate constant ratios)
with the measured rate-constant ratios while the A values are not equal even for the same num-
ber of modes (i.e. m = 45) for cone and rod cells [2]. Moreover, the authors have obtained the
pre-exponential factors directly from the measured rate constants themselves which causes an

Data sets | + 1l
x 107 x107°
i) — m =49, )
‘g 10 A=462x103 *g 8.48
Ll © Lu
% g 2 g.46
[&] 8 =
3 ° g 8.44
- ©
N o
8.42| global minimum:
OfF—e ° m=49
¢ 8.4
400 500 600 700 400 500 600 700 35 40 45 50 55
A e I A [nm] -
max T—

Fig 3. Results of fitting the Eq (7) to the combined data sets (I and Il) with linear (a), and logarithmic scaling (b). The RMSE values are obtained for m = 35,
36, ...,56 (c). The bestm and A values for the combination of data sets I, Il are obtained, i.e. m = 49 and A = 4.62 x 1072, The combined data points shows a
large amount of discrepancy with the fitted Arrhenius equation based on the Hinshelwood distribution, which indicates that there is no a unique Arrhenius
equation based on the Hinshelwood distribution with a unique m value to satisfy the all experimental data.

doi:10.1371/journal.pone.0148336.9003
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R
Table 4. Comparison between theoretical predictions offered by Luo et al [2] (i.e. /‘% for m = 45, labeled as “Theory”) and the measurements of rate

constants of visual pigments (i.e. %, labeled as “Experiment”). Even for similar A,.« values of rods (Bufo and mouse) and cones (human and turtle), 16

and 83 fold difference appeared respectively. For other comparisons between rods and cones the differences are very large numbers which indicates that
predicted and measured rate constants are not comparable.

Pigment Amax(nm)  ET(kcal/mol) szar Theory Measured rate constant (s™')  Experiment
Bufo rhodopsin 500 48.03 3.65x 107° 1 418 x 1072 L
Mouse rhodopsin 500 48.03 3.65x 107 6.64 x 107"
Human red cone 617 38.93 2.44 x 1073 1 6.70x 1077 =
Turtle(Trachemysscriptaelegans) L-cone 617 38.93 244 x 1072 5.28 x 107°
Larval tiger salamander(Ambystomatigrinum) rod 521 46.10 1.67 x 107° = 4,69 x 10712 T—
Turtle(Trachemysscriptaelegans) L-cone 617 38.93 244 x 1072 528 x 107°
Sturgeon (Acipenserbaeri) rods 549 43.75 7.45x107° ! 1.07 x 1071° .
Macaque (Macacafascicularis) L-cone 561 42.82 1.36 x 107 5.94 x 107°
Cane toad (Bufomarinus) red rod 503.9 47.67 472 x107° 117 x 107"
Macaque (Macacafascicularis) L-cone 561 42.82 1.36 x 107 o 5.94 x 107° =

doi:10.1371/journal.pone.0148336.1004

unfair comparison. The authors have mentioned that there is about 26-fold difference between
A values of rods and cones. To check this claim, we compared these ratios for different samples.
The results are shown in Table 4, in which very large discrepancies between theory and experi-
ment can be recognized, indicating that the distribution ratios are not equal to the rate constant
ratios.

A short discussion

The most important parameter in this paper is the rate of discrete dark noise, i.e. k. If we use
the approach of Luo et al (i.e. thermal activation approach by using the Hinshelwood distribu-
tion in the Arrhenius equation) the parameter m (i.e. the number of vibrational modes) plays
the main role. In general, based on the Luo et al approach there are two main equations: The
first equation, i.e. Eq 6, has four parameters (E g, Eq, 1, T) where E, ; = E! = 0.8hc/2,,,, is
the required thermal isomerization activation energy that is ideal and obtained theoretically
based on the maximum wavelength absorption of the photoreceptor (i.e. 4,,,,,). We have
shown that the m value cannot be unique for the all wavelengths based on the Eq 6. The second
equation is the Arrhenius equation, i.e. Eq 2, which gives k based on the pre-exponential factor
A. Thus, the parameters (E, g, E, g, m, T, A, k) are the six parameters in the thermal activation
approach in which m and k are the most important parameters. Our critics are mainly against
the two above equations that make discrepancies between the theory and experiment (See Figs
1 and 3 and Table 4). We concluded here that there is no a unique Arrhenius equation based
on the Hinshelwood distribution to satisfy the all experimental data for rods and cones. Thus,
the retinal discrete dark noise cannot be attributed to thermal activation.

Ultraweak photon emission in the retina

Conventional understanding of the human and animal visuals systems holds that the external
light signal is transformed into a neural electrical signal by the retina, and then enters into the
central nervous system through the optic nerve and produces visual perception. Recent studies
have found that UPE may explain some aspects of special visual phenomena [25, 26]. There are
two groups of light emissions from biological systems: induced and spontaneous [27, 28]. In

PLOS ONE | DOI:10.1371/journal.pone.0148336 March 7,2016 8/16
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the induced light emission there should be an external excitation such as electric filed, light,
heat, ultrasound, etc. But the spontaneous light emission does not need any external excitation
and it is produced spontaneously due to biochemical reactions in the cells. The spontaneous
light is classified into three subgroups: (1) blackbody radiation, (2) bioluminescence and (2)
ultraweak photon emission (UPE) [27-29](See Fig 4).

The sources in the three subgroups are different and the intensity (or rate) of biolumines-
cence (i.e. 10°~10° photons/cm” s) is much higher than the intensity of UPE (i.e. 10-10* pho-
tons/cm” s). The thermal radiation spontaneously emitted by many ordinary objects can be
approximated as blackbody radiation. The radiation has a specific spectrum and intensity that
depends only on the temperature of the body. In fact, when the rate of energy absorption is
equal to the energy dissipation, the object is said to reach thermal equilibrium with its environ-
ment. One path for thermal energy dissipation is through thermal radiation heat transfer. The
thermal radiative properties of a blackbody have been studied extensively for many years since
1901 when Max Planck [30] derived the theoretical energy spectrum of blackbody radiation. It
has been shown that the intensity of thermal radiation approaches the assumed intensity of
UPE (i.e. 1 photon cm > s~') only in the near infrared spectral region (at 1337 nm for 25°C and
at 1280 nm at 37°C) and exceeds it at longer wavelengths [27]. Near room temperature 300 K,
a blackbody emitter such as a human body has essentially no power emitted in the visible and
near infrared portions of the spectrum but will emit low power radiation at wavelengths pre-
dominantly greater than 1um, well outside the visual range of human observation. As a result,
the thermal radiation cannot activate the visual pigments.

Bioluminescence is only observed from few special living organisms (e.g. glowworm) but
the UPE can be observed from all living cells [27]. The sources in bioluminescence are due to
enzymatic (e.g. luciferin-luciferase reactions) and non-enzymatic (e.g. photoprotein) reactions

Biological Light Emission

I
v v

Induced Spontaneous
|

i ¢ . . . ¢ . .
siosynilctc Black body radiaton Bioluminescence Ultraweak photon emission
Fluorescence l (Intensity: 10°-10° (Intensity: 10-10*photons/cm?s)

photons/cm?s)
Photoluminescence Infrared i
(thermal energy) Triplet Carbonyls
Thermoluminescence Enzymatic:
. . Luciferin-Luciferase Reactions Dimolar Singlet Oxygen
Radioluminescence
Non-Enzymatic: Hydrogen Peroxide

Electroluminescence Photoprotein, etc.

Singlet Excited Pigments
Sonoluminescence

Additional mechanisms

Fig 4. The classification of biological light emission [18-24]. There are two groups of light emissions from biological systems: induced and Spontaneous.
In the induced light emission there should be an external excitation such as electric filed, light, heat, ultrasound, etc. But the spontaneous light emission does
not need any external excitation and it is classified into three subgroups: Blackbody radiation, Bioluminescence and UPE. The sources in the three
subgroups are different. The blackbody radiation at room temperature is in the infrared range and hence it cannot activate visual pigments. The intensity (or
rate) of bioluminescence (i.e. 10°-10° photons/cm? s) is much higher than the intensity of UPE (i.e. 10—10* photons/cm? s). The rate of retinal discrete dark
noise is in the rate range of UPE. UPE is mostly in the visible range that can activate the visual pigments.

doi:10.1371/journal.pone.0148336.9004
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Table 5. Electronically excited species responsible for UPE.

Electronically excited species Wavelength
Triplet excited carbonyls 350-550 nm [27]
Singlet excited pigments 360-560 nm [27]

Dimolar singlet oxygen 634 nm, 703 nm [27]
Hydrogen Peroxide 520-650 nm [29]

doi:10.1371/journal.pone.0148336.t005

while the sources of UPE is mostly due to reactive oxygen species (ROS) such as triplet carbon-
yls and singlet oxygen [18, 27]. It has been clearly demonstrated that all living cells (without
external excitation) spontaneously and continuously produce UPE [18-24].

The intensity of UPE is on the order of a few, up to 10* photon/(cm? s) (or equivalently
107"? to 10™'* W/cm?) [18]. UPE is produced from diverse naturally occurring oxidative and
biochemical reactions, especially free radical reactions and the simple quenching of excited
molecules. The main source of UPE derives from oxidative metabolism of mitochondria and
lipid peroxidation that generate photon-emitting molecules such as excited triplet carbonyls
R = O* and singlet oxygen 'O, [31-33]. Table 5 indicates the spectrum of UPE produced by
electronically excited species, which is mostly in the visible region and therefore they can acti-
vate visual pigments easily.

Recently [34] an experimental evidence has been presented of spontaneous and continuous
UPE from freshly isolated rats’ retina. Since the natural lipid peroxidation is one of the main
sources of UPE and the photoreceptor cells have the highest oxygen consumption [35] and
polyunsaturated fatty acid (PUFA) concentration [36] in the body, there can be a continuous,
low level UPE in the retina without any external photonic stimulation. In addition, PUFAs can
act directly on the light-sensitive channels and retinal disk membrane phospholipids can be
implicated in the control of visual transduction at the molecular level [37]. In reality, UPE
exhibits non-linear and Poisson-like distributions [38, 39]. According to Field et al. [40], both
additive and multiplicative Poisson noise can make clear behavioral and ganglion cell sensitiv-
ity that provides a closer agreement between behavioral and absorptive quantum efficiencies.
In the case of vision, sensitivity cannot exceed the limit set by the quantization of light into dis-
crete photons and the consequent Poisson fluctuations in photon absorption. Several aspects of
dark-adapted visual processing approach this limit [40].

We have estimated the predicted number of UPE based on the measured retinal discrete
dark noise rate given in Table 6, in which a comparison between our estimations and the

Table 6. The experimental measured rates of retinal discrete dark noise in Luo et al’s paper [2] are converted to the unit of (cm~2s~") to be com-
pared with the rates of UPE. The rates are calculated as R.,, = 108 RuminwhichR = g where S, is the area of the measured segment (in terms of

um

um®), Sem is the area of the measured segment (in terms of cm?), N is the number of pigments in the measured segment, R, is the rate constant per pigment
(in terms of s™'), R, is the rate constant in segment (in terms of um™2s™"), and R., is the rate constant in segment (in terms of cm ™ s7'). The results indicate
that the obtained rates for dark noise are of the order of UPE rate (i.e. a few, up to 10* photons/(cm?s)). [18—24, 27, 31-37, 41, 42] This results indicate that
the retinal discrete dark noise can be potentially due to spontaneous cellular UPE (or biophotons) in photoreceptor cells.

Pigment N
A; Bufo rhodopsin 6.0 x 10°
Az Xenopus rhodopsin 2.7 x 10°
A; Human red cone 6.5 x 10°
A, Human red cone 8.1x10°
A; Mouse rhodopsin 6.5x 107
A, Bufo blue cone 3.3x 10°

doi:10.1371/journal.pone.0148336.t006

Spum(um?) Ru(s™") Rum(um™2s™") R.m(cm™2 s7)(UPE rate?)
7.5 % 65 418 x 10712 5x107° 5x10°
6.4 x 40 3.70 x 107" 3x10™* 30 x 10°
Not specified [2, 43] 414 %1078 — —
Not Specified [2, 44] 6.70 x 1077 — —
1.4 x 20 6.64 x 107" 1.5x 107 15 x 10°
7.3%x 37 9.39 x 107 14 x 1077 140
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previously reported UPE from different living systems (i.e. 10° — 10* cm™>s™") [18-24, 27, 31—
37,41, 42] indicates that the dark noise rate is on the order of the UPE rate of photoreceptor
cells.

To have a comparison between the UPE rate and the dark noise rate we have converted the
units of the obtained results by Luo et al to the units of cm > s™". The rates in the Table 6 are

calculated as R,,,, = 10° R,inwhichR, = % where S, is the area of the measured segment
2

(/,tmz), Scm is the area of the measured segment (cm?), N is the number of pigments in the mea-
sured segment, R, is the rate constant per pigment (s, R, is the rate constant in segment
(;mf2 s71), and R, is the rate constant in segment (cm™2s7Y). In fact, under photopic and sco-
topic circumstances, the tiny natural UPE from natural retinal lipid peroxidation is negligible,
but in dark-adapted retinal cells this evanescent UPE can be measurable. Thus, we conclude
that the various examples of discrete dark noise are due to the UPE produced from natural
lipid peroxidation in photoreceptor cells.

UPE depends on temperature

The increased frequency of dark noise in rod cells exposed to higher temperatures is evidence
for the thermal contribution to the generation of dark noise [4]. On the other side, UPE directly
depends on temperature as well. The retina (photoreceptor outer segments contain rhodopsin)
and the brain (neuronal membranes, synapses) have the highest concentration of polyunsatu-
rated fatty acids (PUFA) particularly arachidonic acid (AA, omega-6, 20:4) and docosahexae-
noic acid (DHA, omega-3, 22:6) [45, 46]. Since the retinal metabolism is continuously
functional, the natural lipid peroxidation also constantly occurs. Mitochondrial respiration
chain, lipid peroxidation, free radical reactions are the major sources of UPE production [31,
47, 48]. Since the photoreceptors have one of the highest demands for oxygen, and the photore-
ceptor outer segments have the highest concentration of PUFA, lipid peroxidation (i.e. temper-
ature dependent process) can be the most important sources of UPE in the retinal system as
well as in rod cells. Recently, Kobayashi et al. [49] proved that the the intensity of UPE
increased during heating and decreased when the heating was stopped. They also have revealed
that the intensity of UPE was dependent on the concentration of reactive oxygens species
(ROS), which was not only dependent on the magnitude of stress, but also on the cellular respi-
ration. Temperature is essentially important to all biological functions including synaptic gluta-
mate release. Glutamate, the principal excitatory neurotransmitter in the central nervous
system, is distributed widely throughout the neuroaxis. L-glutamate has a significant role in
thermoregulation through glutamate receptors [50, 51]. There is a tight association between
temperature and glutamate excitotoxicity [52]. It is well known that photoreceptors, bipolar
cells and ganglion cells release glutamate [53], which is a temperature dependent process.
Experiments by Tang and Dai [22, 34] provided evidence that the glutamate-induced UPE
intensity reflects biophoton transmission along the axons and neural circuits.

Discussion

In this paper we have tried to answer to this question that why there is spiking activity of pho-
toreceptors when there is no external photon absorbed by it? We have considered two possible
mechanisms for these false alarms in the eye: (1) thermal energy and (2) spontaneous UPE (or
biophotons). In the first case, the Arrhenius equation based on the Boltzmann distribution
gives the activation energies of discrete dark noise at a level which is around half the energy for
activation in vertebrate rod and cone pigments. Thus, there is a serious inconsistency between
the apparent energy barriers of thermal events compared with those found in the photon-
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driven process. Recently, Luo et al. [2] claimed that they have solved this problem by using the
Hinshelwood distribution instead the Boltzmann distribution in the Arrhenius equation to
give the correct amount of activation energy. Their approach was also supported by Gozem

et al. [8] by proposing a molecular mechanism for thermal activation. In this paper, we have
shown that a careful reanalysis of the methodology and results based on the Hinshelwood dis-
tribution puts these claims in doubt. We briefly explain the main problems toward the thermal
activation approach as follow:

o The Hinshelwood distribution, fy, is not applicable for many-modes activation of visual pig-
ments by heat because the equipartition theorem does not satisfy here.

« The Eq 6 does not give a unique m value for the all wavelengths in photoreceptors (See
Table 1 and Figs 1 and 3).

1
Y >El

7
>E]
equality causes a large discrepancy between the predictions in the thermal activation

approach (see Table 4).

« The rate constants ratio is not equal to the distributions ratio (i.e. % # =) because the

o There is no a unique Arrhenius equation based on the Hinshelwood distribution to satisfy
the all experimental data for rods and cones (See Figs 2 and 3).

On the other hand, the discrete components of noise are indistinguishable in shape and
duration from those produced by real photon induced photo-isomerization, so the retinal dis-
crete dark noise is most likely due to ‘photons’ inside cells instead ‘heat’ for thermal activation
of visual pigments. There are only three types of spontaneous photon emission from living
cells: (1) blackbody radiation, (2) bioluminescence, and (3) UPE. The blackbody radiation is in
the infrared range at room temperature and hence it cannot activate visual pigments. The
sources in the three mentioned types are different and the intensity of bioluminescence (i.e.
10°-10° photons/cm? s) is much higher than the intensity of UPE (i.e. 10-10* photons/cm” s).
Bioluminescence is only observed from few special living organisms (e.g. glowworm) but the
UPE can be observed from all living cells. It is well known that all living cells (without any exci-
tation) spontaneously and continuously produce UPE. Wang et al. [34] presented the experi-
mental in vitro evidence about the existence of spontaneous UPE from freshly isolated rat’s
retina. There is a continuous, low level UPE in the retina without any external photonic stimu-
lation [1].

In fact, the approach of UPE needs only one parameter that is k, which makes this solution
based on simple testable assumptions and is mathematically self consistent. We have shown
that the rates of the discrete dark noise, k, are in the range of UPE rates. For example, in the
approach of Luo et al the dark noise rates are in terms of ‘counts per photoreceptor per second’,
while the previous reported UPE rates are in units of counts/(cm”s) [18-24, 27, 31-37, 41, 42].
We have converted the units of k to the units of counts/(cm? s), based on the experimental data
of the supplementary materials of the Luo et al paper [2], and have shown that the dark noise
rates are of the same order as UPE rates (see Table 6). The spectrum of UPE is mostly in the
visible range (see Table 5) that can easily activate visual pigments.

Ala-Laurila et al., [54] replaced the 11-cis-3,4-dehydroretinal (A2) chromophore in sala-
mander rods with the 11-cis-retinal (A1) chromophore that caused an approximately 36-fold
decrease in the dark event rate. In fact, the drop in the discrete noise component indicates that
the A1 chromophore and the opsin form a pigment that is less susceptible to thermal isomeri-
zation than that formed by the A2 chromophore with the same opsin. In all pigments of the
Rh1 pigment family, the wavelength of maximum absorption is shorter when the opsin is
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bound to the A1 chromophore rather than the A2 form [55]. First, visible and NIR spectrum
biophotons are linked to electron-excited states. Living cells can produce longer wavelength
biophotons easier than shorter wavelength biophotons, since production of shorter wavelength
biophotons needs more energy. Second, Al chromophore and the opsin form a pigment that is
less susceptible to thermal isomerization than that formed by the A2 chromophore. This fact
can be also relevant for the proposed UPE-induced dark noise, i.e. UPE is able to activate the
A1l chromophore structure to a lower degree than the A2 chromophore structure. The different
spectral sensitivities of A1 and A2 (max: 502 nm for Al, max: 528 for A2) may play a role, too.

The higher rates of dark noise in cones relative to rods can be explained by the UPE
approach. In fact, mitochondria are densely observed in the inner segments of photoreceptor
cells. Cones contain more mitochondria than rods. For example, in macaque, mitochondria
comprise 74-85% of cone ellipsoids and 54-66% of rod ellipsoids. Since one of the major
sources of UPE is derived from mitochondrial oxidative phosphorylation metabolism, this
explains why cones produce higher UPE relative to rods [56].

Our arguments for the links between the UPE and the retinal dark noise are briefly as follow:

« The discrete components of noise are indistinguishable in shape and duration from those
produced by real photons.

» UPE is mostly in the visible range that can easily activate visual pigments (See Table 5).
o The dark noise has similar rates in the range of UPE in all living cells (See Table 6).
o UPE has been experimentally detected in full darkness from mouse retina.

« UPE is directly temperature dependent (the same as dark noise) which can explain why dark
noise rate increases with temperature.

« UPE is a spontaneous process and doesn’t need external excitation (the same as dark noise).
o The UPE approach can explain why cone cells have higher dark noise rates than rod cells.

o The UPE solution is simpler than the thermal energy solution and it is mathematically self-
consistent.

Based on the above arguments, we conclude that the retinal discrete dark noise should be
attributed to spontaneous cellular UPE but not to thermal noise. In this paper, we have esti-
mated the rates of experimental dark noise based on the units of UPE rates, which confirms the
similarity between the UPE rates and the retinal dark noise rates, but the precise number of
UPE from each photoreceptor cell (at different temperatures) and its direct link to discrete
dark noise is still in need of experimental support. In reality, obtaining the precise number of
UPE from photoreceptor cells requires very sensitive and advanced single-photon-detectors
with a high signal-to-noise ratio. This will be the focus of our next potential research project
and we would like to motivate other research teams to evaluate our approach experimentally.

Author Contributions

Conceived and designed the experiments: VS F. Scholkmann IB. Performed the experiments:
VS. Analyzed the data: VS F. Scholkmann JT. Contributed reagents/materials/analysis tools:
VS. Wrote the paper: VS F. Scholkmann IB F. Shahbazi JT.

References

1. Bokkon |, Vimal RL, Retinal phosphenes and discrete dark noises in rods: a new biophysical frame-
work. J. Photochem. Photobiol. B. 2009; 96: 255-259. doi: 10.1016/j.jphotobiol.2009.07.002 PMID:
19643631

PLOS ONE | DOI:10.1371/journal.pone.0148336 March 7,2016 13/16


http://dx.doi.org/10.1016/j.jphotobiol.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19643631

@’PLOS ‘ ONE

Ultraweak Photon Emission in the Retina

10.

11.

12.

13.

14.

15.

16.

17.

24,

25.

26.

27.

28.

29.

30.

18.

19.

Luo DG, Yue WW, Ala-Laurila P, Yau KW. Activation of visual pigments by light and heat. Science.
2011; 332:1307-312. doi: 10.1126/science.1200172 PMID: 21659602

Johns Hopkins Medical Institutions: Why animals don’t have infrared vision: Source of the visual sys-
tem’s’false alarms’ discovered. ScienceDaily News; June 9, 2011. Available: www.sciencedaily.com/
releases/2011/06/110609151537.htm

Baylor DA, Matthews D, Yau KW. Two components of electrical dark noise in toad retinal rod outer seg-
ments. J. Physiol. 1980; 309: 591-621. doi: 10.1113/jphysiol.1980.sp013529 PMID: 6788941

Cooper A. Energy uptake in the first step of visual excitation. Nature. 1979; 282: 5631-533. doi: 10.
1038/282531a0 PMID: 503236

Barlow RB, Birge RR, Kaplan E, Tallent JR. On the molecular origin of photoreceptor noise. Nature.
1993; 366: 64—66. doi: 10.1038/366064a0 PMID: 8232538

Lérenz-Fonfria VA, Furutani Y, Ota T, Ido K, Kandori H. Protein fluctuations as the possible origin of the
thermal activation of rod photoreceptors in the dark. J. Am. Chem. Soc. 2010; 132: 5693-5703. doi: 10.
1021/ja907756e

Gozem S, Schapiro |, Ferré N, Olivucci M. The molecular mechanism of thermal noise in rod photore-
ceptors. Science. 2012; 337: 1225-1228. doi: 10.1126/science.1220461 PMID: 22955833

Ala-Laurila P, Donner K, Koskelainen A. Thermal activation and photoactivation of visual pigments. Bio-
phys. J. 2004: 86; 3653-3662. doi: 10.1529/biophysj.103.035626 PMID: 15189862

Loppnow GR, Mathies RA. Excited-state structure and isomerization dynamics of the retinal chromo-
phore in rhodopsin from resonance Raman intensities. Biophys. J. 1988: 54; 35-43. doi: 10.1016/
S0006-3495(88)82928-X PMID: 3416032

Lin SW, Groesbeek M, van der Hoef |, Verdegem P, Lugtenburg J, Mathies RA. Vibrational assignment
of torsional normal modes of rhodopsin: Probing excited-state isomerization dynamics along the reac-
tive C11 C12 torsion coordinate. J. Phys. Chem. B. 1998; 102: 2787—-2806. doi: 10.1021/jp972752u

Kim JE, Tauber MJ, Mathies RA. Analysis of the mode-specific excited-state energy distribution and
wavelength-dependent photoreaction quantum yield in rhodopsin. Biophys. J. 2003; 84: 2492-2501.
doi: 10.1016/S0006-3495(03)75054-1 PMID: 12668457

Reichl LE. A modern course in statistical physics ( 2nd edition). 1998. John Wiley and Sons.

George RC St.. The interplay o light and heat in bleaching rhodopsin. J. Gen. Physiol. 1952; 35: 495—
517. doi: 10.1085/jgp.35.3.495 PMID: 14898032

Levenberg K. A method for the solution of certain non-linear problems in least squares. J. Appl. Math.
1944; 2: 164—-168.

Hill RW, Holland PW. Two robust alternatives to least-squares regression. J. Am. Stat. Assoc. 1977;
72: 828-833. doi: 10.2307/2286469

Marquardt D. An algorithm for least-squares estimation of nonlinear parameters. SIAM J. Appl. Math.
1963; 11:431-441.doi: 10.1137/0111030

Devaraj B, Scott RQ, Roschger P, Inaba H. Ultraweak light emission from rat liver nuclei. Photochem.
Photobiol. 1991; 54:289-293. doi: 10.1111/j.1751-1097.1991.tb02018.x PMID: 1780363

Kobayashi M, Takeda M, Ito KI, Kato H, Inaba H. Two-dimensional photon counting imaging and spatio-
temporal characterization of ultraweak photon emission from a rat’s brain in vivo. J. Neurosci. Methods.
1990; 93: 163—-168. doi: 10.1016/S0165-0270(99)00140-5

Takeda M, Kobayashi M, Takayama M, Suzuki S, Ishida T, Ohnuki K, et al. Biophoton detection as a
novel technique for cancer imaging. Cancer Sci. 2004; 95: 656—661. doi: 10.1111/j.1349-7006.2004.
tb03325.x PMID: 15298728

Scott RQ, Roschger P, Devaraj B, Inaba H. Monitoring a mammalian nuclear membrane phase transi-
tion by intrinsic ultraweak light emission. FEBS Lett. 1991; 285: 97-98. doi: 10.1016/0014-5793(91)
80733-J PMID: 2065787

Tang R, Dai J. Spatiotemporal imaging of glutamate-induced biophotonic activities and transmission in
neural circuits. PLoS One. 2014; 9: e85643. doi: 10.1371/journal.pone.0085643 PMID: 24454909

Prasad A, Pospisil P. Towards the two-dimensional imaging of spontaneous ultra-weak photon emis-
sion from microbial, plant and animal cells. Scientific Reports. 2013. 3; 1211. doi: 10.1038/srep01211

van Wijk E, Kobayashi M, van Wijk R, van der Greef J. Imaging of ultra-weak photon emission in a rheu-
matoid arthritis mouse model. PLoS One. 2013; 8: e84579. doi: 10.1371/journal.pone.0084579 PMID:
24386396

Bokkon |, Scholkmann F, Salari V, Csaszar N, Kapocs G. Endogenous spontaneous ultraweak photon
emission in the formation of eye-specific retinogeniculate projections before birth. Rev. Neurosc. 2016;.

Csaszar N, Scholkmann F, Salari V, Bokkon I. Phosphene perception is due to the ultra-weak photon
emission produced in various parts of the visual system: glutamate in the focus. Rev. Neurosc. 2016;.

PLOS ONE | DOI:10.1371/journal.pone.0148336 March 7,2016 14/16


http://dx.doi.org/10.1126/science.1200172
http://www.ncbi.nlm.nih.gov/pubmed/21659602
http://www.sciencedaily.com/releases/2011/06/110609151537.htm
http://www.sciencedaily.com/releases/2011/06/110609151537.htm
http://dx.doi.org/10.1113/jphysiol.1980.sp013529
http://www.ncbi.nlm.nih.gov/pubmed/6788941
http://dx.doi.org/10.1038/282531a0
http://dx.doi.org/10.1038/282531a0
http://www.ncbi.nlm.nih.gov/pubmed/503236
http://dx.doi.org/10.1038/366064a0
http://www.ncbi.nlm.nih.gov/pubmed/8232538
http://dx.doi.org/10.1021/ja907756e
http://dx.doi.org/10.1021/ja907756e
http://dx.doi.org/10.1126/science.1220461
http://www.ncbi.nlm.nih.gov/pubmed/22955833
http://dx.doi.org/10.1529/biophysj.103.035626
http://www.ncbi.nlm.nih.gov/pubmed/15189862
http://dx.doi.org/10.1016/S0006-3495(88)82928-X
http://dx.doi.org/10.1016/S0006-3495(88)82928-X
http://www.ncbi.nlm.nih.gov/pubmed/3416032
http://dx.doi.org/10.1021/jp972752u
http://dx.doi.org/10.1016/S0006-3495(03)75054-1
http://www.ncbi.nlm.nih.gov/pubmed/12668457
http://dx.doi.org/10.1085/jgp.35.3.495
http://www.ncbi.nlm.nih.gov/pubmed/14898032
http://dx.doi.org/10.2307/2286469
http://dx.doi.org/10.1137/0111030
http://dx.doi.org/10.1111/j.1751-1097.1991.tb02018.x
http://www.ncbi.nlm.nih.gov/pubmed/1780363
http://dx.doi.org/10.1016/S0165-0270(99)00140-5
http://dx.doi.org/10.1111/j.1349-7006.2004.tb03325.x
http://dx.doi.org/10.1111/j.1349-7006.2004.tb03325.x
http://www.ncbi.nlm.nih.gov/pubmed/15298728
http://dx.doi.org/10.1016/0014-5793(91)80733-J
http://dx.doi.org/10.1016/0014-5793(91)80733-J
http://www.ncbi.nlm.nih.gov/pubmed/2065787
http://dx.doi.org/10.1371/journal.pone.0085643
http://www.ncbi.nlm.nih.gov/pubmed/24454909
http://dx.doi.org/10.1038/srep01211
http://dx.doi.org/10.1371/journal.pone.0084579
http://www.ncbi.nlm.nih.gov/pubmed/24386396

@’PLOS ‘ ONE

Ultraweak Photon Emission in the Retina

20.

21,

22,

23.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Cifra M, Pospisil P. Ultra-weak photon emission from biological samples: definition, mechanisms, prop-
erties, detection and applications. J. Photochem. Photobiol. B. 2014; 139: 2-10. doi: 10.1016/j.
jphotobiol.2014.02.009 PMID: 24726298

Slawinski J. Luminescence research and its relation to ultraweak cell radiation. Experientia. 1998; 44:
559-571.

Pospisil P, Prasad A, Rac M. Role of reactive oxygen species in ultra-weak photon emission in biologi-
cal systems. J. Photochem. Photobiol. B. 2014; 139: 11-23. doi: 10.1016/j.jphotobiol.2014.02.008
PMID: 24674863

Planck M. Ueber das Gesetz der Energieverteilung im Normalspectrum. Annalen der Physik. 1901; 4:
553-563. doi: 10.1002/andp.19013090310

Nakano M. Low-level chemiluminescence during lipid peroxidations and enzymatic reactions. J. Biolu-
min. Chemilumin. 2005; 4: 231-240. doi: 10.1002/bio.1170040133

Prasad A, Pospisil P. Linoleic acid-induced ultra-weak photon emission from Chlamydomonas rein-
hardtii as a tool for monitoring of lipid peroxidation in the cell membranes. PLoS One. 2011; 6: 22345
(2011). doi: 10.1371/journal.pone.0022345 PMID: 21799835

Catala A. An overview of lipid peroxidation with emphasis in outer segments of photoreceptors and the
chemiluminescence assay. Int. J. Biochem. Cell. Biol. 2006; 38: 1482—-1495. doi: 10.1016/j.biocel.
2006.02.010

Wang C, Bokkon I, Dai J, Antal |. Spontaneous and visible light-induced ultraweak photon emission
fromrat eyes. Brain Res. 2011; 1369: 1-9. doi: 10.1016/j.brainres.2010.10.077 PMID: 21034725

Graymore C. Metabolism of developing retina. Il. The effect of an inherited retina degeneration on the
development of glycolysis in the rat retina. Br. J. Ophthalmol. 1960; 44: 363-369 doi: 10.1136/bjo.44.6.
363 PMID: 13829138

Fliesler SJ, Anderson RE. Chemistry and metabolism of lipids in the vertebrate retina. Prog. Lipid Res.
1983; 22:79—-131. doi: 10.1016/0163-7827(83)90004-8 PMID: 6348799

Wiedmann TS, Pates RD, Beach JM, Salmon A, Brown MF. Lipid-protein interactions mediate the pho-
tochemical function of rhodopsin. Biochemistry. 1988; 27: 6469—-6474. doi: 10.1021/bi004172a041
PMID: 3219348

Kobayashi M, Inaba H. Photon statistics and correlation analysis of ultraweak light originating from liv-
ing organisms for extraction of biological information. Appl. Opt. 2000; 39: 183—-192. doi: 10.1364/A0.
39.000183 PMID: 18337887

Kobayashi M, Devaraj B, Inaba H. Observation of super-Poisson statistics of bacterial Photobacterium
phosphoreum bioluminescence during the early stage of cell proliferation. Phys. Rev. E 1998; 57:
2129. doi: 10.1103/PhysRevE.57.2129

Field G.D, Sampath AP, Rieke F. Retinal processing near absolute threshold: from behavior to mecha-
nism. Annu. Rev. Physiol. 2005; 67: 491-514. doi: 10.1146/annurev.physiol.67.031103.151256 PMID:
15709967

Kobayashi M, Takeda M, Sato T, Yamazaki Y, Kaneko K, Ito KI, et al. In vivo imaging of spontaneous
ultraweak photon emission from a rat’s brain correlated with cerebral energy metabolism and oxidative
stress. Neurosci. Res. 1999; 34: 103—-113 doi: 10.1016/S0168-0102(99)00040-1 PMID: 10498336

Isoshima T, Isojima Y, Hakomori K, Kikuchi K, Nagai K, Nakagawa H. Ultrahigh sensitivity single-pho-
ton detector using a Si avalanche photodiode for the measurement of ultraweak biochemilumines-
cence. Rev. Sci. Instrum. 1995; 66: 2922—2926. doi: 10.1063/1.1145578

FuY, Kefalov V, Luo DG, Xue T, Yau KW. Quantal noise from human red cone pigment. Nature Neuro-
science; 2008; 11:565-571.

Kefalov V, Fu 'Y, Marsh-Armstrong N, Yau KW. Role of visual pigment properties in rod and cone photo-
transduction. Nature. 2003; 425, 526-531. doi: 10.1038/nature01992 PMID: 14523449

Youdim KA, Martin A, Joseph JA. Essential fatty acids and the brain: possible health implications. Int. J.
Dev. Neurosci. 2000; 18: 383-339. doi: 10.1016/S0736-5748(00)00013-7 PMID: 10817922

Nielsen JC, Maude MB, Hughes H, Anderson RE. Rabbit photoreceptor outer segments contain high
levels of docosapentaenoic acid. Invest. Ophthalmol. Vis. Sci. 1986; 27: 261-264. PMID: 3943950

Steele RH. Electromagnetic field generation by ATP-induced reverse electron transfer. Arch. Biochem.
Biophys. 2003; 411: 1-18. doi: 10.1016/S0003-9861(02)00459-9 PMID: 12590918

Ives JA, van Wijk EP, Bat N, Crawford C, Walter A, Jonas WB, et al. Ultraweak photon emission as a
non-invasive health assessment: a systematic review. PLoS One. 2014; 9:e87401. doi: 10.1371/
journal.pone.0087401 PMID: 24586274

Kobayashi K, Okabe H, Kawano S, Hidaka Y, Hara K. Biophoton emission induced by heat shock.
PLoS One. 2014; 9: e105700. doi: 10.1371/journal.pone.0105700 PMID: 25153902

PLOS ONE | DOI:10.1371/journal.pone.0148336 March 7,2016 15/16


http://dx.doi.org/10.1016/j.jphotobiol.2014.02.009
http://dx.doi.org/10.1016/j.jphotobiol.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24726298
http://dx.doi.org/10.1016/j.jphotobiol.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24674863
http://dx.doi.org/10.1002/andp.19013090310
http://dx.doi.org/10.1002/bio.1170040133
http://dx.doi.org/10.1371/journal.pone.0022345
http://www.ncbi.nlm.nih.gov/pubmed/21799835
http://dx.doi.org/10.1016/j.biocel.2006.02.010
http://dx.doi.org/10.1016/j.biocel.2006.02.010
http://dx.doi.org/10.1016/j.brainres.2010.10.077
http://www.ncbi.nlm.nih.gov/pubmed/21034725
http://dx.doi.org/10.1136/bjo.44.6.363
http://dx.doi.org/10.1136/bjo.44.6.363
http://www.ncbi.nlm.nih.gov/pubmed/13829138
http://dx.doi.org/10.1016/0163-7827(83)90004-8
http://www.ncbi.nlm.nih.gov/pubmed/6348799
http://dx.doi.org/10.1021/bi00417a041
http://www.ncbi.nlm.nih.gov/pubmed/3219348
http://dx.doi.org/10.1364/AO.39.000183
http://dx.doi.org/10.1364/AO.39.000183
http://www.ncbi.nlm.nih.gov/pubmed/18337887
http://dx.doi.org/10.1103/PhysRevE.57.2129
http://dx.doi.org/10.1146/annurev.physiol.67.031103.151256
http://www.ncbi.nlm.nih.gov/pubmed/15709967
http://dx.doi.org/10.1016/S0168-0102(99)00040-1
http://www.ncbi.nlm.nih.gov/pubmed/10498336
http://dx.doi.org/10.1063/1.1145578
http://dx.doi.org/10.1038/nature01992
http://www.ncbi.nlm.nih.gov/pubmed/14523449
http://dx.doi.org/10.1016/S0736-5748(00)00013-7
http://www.ncbi.nlm.nih.gov/pubmed/10817922
http://www.ncbi.nlm.nih.gov/pubmed/3943950
http://dx.doi.org/10.1016/S0003-9861(02)00459-9
http://www.ncbi.nlm.nih.gov/pubmed/12590918
http://dx.doi.org/10.1371/journal.pone.0087401
http://dx.doi.org/10.1371/journal.pone.0087401
http://www.ncbi.nlm.nih.gov/pubmed/24586274
http://dx.doi.org/10.1371/journal.pone.0105700
http://www.ncbi.nlm.nih.gov/pubmed/25153902

@’PLOS ‘ ONE

Ultraweak Photon Emission in the Retina

50.

51.

52.

53.

54.

55.

56.

Yoshimatsu H, Egawa M, Bray GA. Effects of cholecystokinin on sympathetic activity to interscapular
brown adipose tissue. Brain Res. 1992; 601: 121—-128.

Paro FM, Almeida MC, Carnio EC, Branc LGS. Role of L-glutamate in systemic AVP-induced hypother-
mia. J. Appl. Physiol. 2003; 94: 271-277. doi: 10.1152/japplphysiol.00291.2002 PMID: 12391090

Campos F, Pérez-Mato M, Agulla J, Blanco M, Barral D, Aimeida A, et al. Glutamate excitoxicity is the
key molecular mechanism which is influenced by body temperature during the acute phase of brain
stroke. PLoS One. 2012; 7: e44191. doi: 10.1371/journal.pone.0044191 PMID: 22952923

Brady S, Siegel G, Albers RW, Price D. Basic neurochemistry: molecular, cellular and medical aspects.
2006; Elsevier Academic Press

Ala-Laurila P, Donner K, Crouch RK, Cornwall MC. Chromophore switch from 11-cis-dehydroretinal
(A2) to 11-cis-retinal (A1) decreases dark noise in salamander red rods. J Physiol. 2007; 585: 57—74.
doi: 10.1113/jphysiol.2007.142935 PMID: 17884920

Dartnall HJA, Lythgoe JN. The spectral clustering of visual pigments. Vision Res. 1965; 5: 81-100. doi:
10.1016/0042-6989(65)90057-X PMID: 5862952

Hoang QV, Linsenmeier RA, Chung CK, Curcio CA. Photoreceptor inner segments in monkey and
human retina: mitochondrial density, optics, and regional variation. Vis Neurosci. 2002; 19: 395-407.
doi: 10.1017/50952523802194028 PMID: 12511073

PLOS ONE | DOI:10.1371/journal.pone.0148336 March 7,2016 16/16


http://dx.doi.org/10.1152/japplphysiol.00291.2002
http://www.ncbi.nlm.nih.gov/pubmed/12391090
http://dx.doi.org/10.1371/journal.pone.0044191
http://www.ncbi.nlm.nih.gov/pubmed/22952923
http://dx.doi.org/10.1113/jphysiol.2007.142935
http://www.ncbi.nlm.nih.gov/pubmed/17884920
http://dx.doi.org/10.1016/0042-6989(65)90057-X
http://www.ncbi.nlm.nih.gov/pubmed/5862952
http://dx.doi.org/10.1017/S0952523802194028
http://www.ncbi.nlm.nih.gov/pubmed/12511073

